In this paper two proposed methods of input impedance calculation for Bow-Tie antenna are introduced. The proposed methods show input impedance calculation with high accuracy. Also, design curves for input impedance values were developed depending on the geometry of antenna. The proposed design curves are used to design a Bow-Tie type RFID tag antenna. The input impedance of the tag antenna is calculated using proposed methods and compared with that obtained using CST studio suite 2014 and IE3D Zeland version 12.0 software packages. The results are investigated and discussed. The tag antenna is fabricated, measured and the obtained input impedance is compared with the simulation and the proposed methods. Good agreement among measured input impedance and that simulated by CST, IE3D or proposed methods is obtained.
Introduction
RFID system consists of reader and tag. The reader interrogates the tags via a wireless link to obtain the data stored on the tags. The tag consists of an antenna and a chip which has an input impedance of complex value. In order to achieve a good performance and low power consumption, chip impedance should be correctly matched to tag antenna. The cheapest RFID tags with the largest commercial potential are passive or semi-passive, where the energy necessary for tag-reader communication is harvested from the reader's signal or the surrounding environment. The most important requirements for tag antenna are extremely low power consumption, small size, and low cost. Dipole configurations including the Cylindrical [1] , Biconical [2] and Bow-Tie [3] have been used as a wide-band antenna for their simple structures and low cost. The Bow-Tie structure was first proposed by George et al. [4] . A hybrid approach involving Bacterial Swarm Optimization (BSO) and Nelder-Mead (NM) algorithm was used to design a Bow-Tie antenna for 2.45 GHz Radio Frequency Identification (RFID) readers. The Bow-Tie antenna was made from a bi-triangular metal sheet with the feed at its vertex. The antenna dimensions: half-height, feeding neck width, and flare angle were optimized to be 21.078 mm, 3.4818 mm, 48.555˚, respectively and matched to input impedance of 50 Ω [5] . This antenna gives an excellent reflection coefficient 11 
S
result equal to −111.96 dB at 2.45 GHz. A T-matched quadrate Bow-Tie antenna (half wavelength dipole antenna) with rounded corners was designed and fabricated with dimensional length 92 mm and width 31.8 mm [6] . This design was used for the matching of the passive antenna terminals to (UCODE G2XM) IC chip impedance ( )
Ω at resonance frequency of 915 MHz. An ultra-wideband cavity-backed Bow-Tie antenna with the parasitic dipole and parasitic circular ring was designed and fabricated with three layers including the upper substrate layer, the lower substrate layer and the ground plane. Both substrates with permittivity of 2.65, a thickness of 1 mm are supported by the plastic posts, loss tangent of 0.003, a radius of 62 mm [7] . An ultra-wideband impedance characteristic of about 118.2% for VSWR ≤ 2 ranging from 2.75 to 10.7 GHz was achieved. A unidirectional radiation pattern, a stable peak gain of around 7.4 -10.8 dBi and low cross polarization over the whole operating band were also produced. A wideband directional Bow-Tie antenna with stable radiation patterns fed by a wideband microstrip balun using a coupling triangular structure to induce more balanced current was built on a substrate with thickness of 1 mm and relative permittivity 2.65 r ε = and it's dimensions were 70 40 × mm 2 [8] . The antenna was designed to cover the band from 1.97 GHz to 6.49 GHz and achieved a stable gain of around 9.5 dBi with unidirectional and symmetrical radiation patterns in both E-and H-planes across the whole operating band. A Bow-Tie microstrip antenna was designed to overcome the high path loss and achieve bandwidth requirement in sea water from 2.4 GHz to 5.1 GHz. The antenna was used in WLAN communications and its dimensions was 1.4 cm 2 [9] . The aforementioned literatures indicate that, in the recent few years, a great effort was made and good results were obtained where the antenna was matched to a 50 Ohm input impedance but the main problem will arise when a complex matching is needed. This problem arises clearly in the design requirements of UHF tag antenna. In this paper, a Bow-Tie tag antenna which is matched to a complex chip input impedance and also to achieve a wide bandwidth is proposed. Also, two proposed methods of input impedance calculation of Bow-Tie antenna are introduced.
The paper is organized as follows: Section 2 gives the Bow-Tie antenna input impedance calculation as in the published literatures, namely quasi-static method, tapered transmission line method and biconical approximation method. It also includes the proposed analytical and graphical methods. The conventional Bow-Tie tag antenna is given in Section 3, while the modified tag antenna design results are given in Section 4. Section 5 gives the experimental results, while Section 6 introduces the conclusions.
Bow-Tie Antenna Input Impedance Calculation
The design of Bow-Tie antenna [10] is simple since the antenna structure is completely defined by its angle θ and length 1 L , Figure 1 . The Bow-Tie antenna angle determines the antenna impedance and the length determines the operation bandwidth. 
Quasi-Static Method
This method was used to calculate the characteristic impedance of Bow-Tie antenna [11] . The theoretical quasi-static impedance qs Z [3] of an infinite Bow-Tie printed on a dielectric half-space, obtained using conformal mapping is given by:
where o η is the free space wave impedance (=120π Ω ), r ε is the substrate dielectric constant and ( ) K k represents a complete elliptic integral function with argument k,
and ( )
Based on Equation (1) a matlab code is built and the results are shown in Figure 2 . Referring to Figure 2 , it can be noticed that a good agreement is found with the curves the curve of qs Z that was published in [10] , in which it has been calculated as a function of bow-tie angle θ for different values of r ε .
Tapered Transmission Line Method
In a multi-section quarter-wave transformer used to match two transmission lines with different characteristic impedances, the change in impedance level is obtained in a number of discrete steps. An alternative is to use a tapered transition which has characteristic impedance that varies continuously in a smooth fashion from the impedance of one line to that of the other line. A transition or matching section, of this type is referred to as a tapered transmission line [12] , 
( )
Taking the average value of Z(z):
number of stepsin length L is the length of the taper.
Biconical Approximation Method
The problem of finding the input terminal resistance and also reactance taking into account the effect of conductor thickness is most simply approach by Schelkunoff's treatment of the biconical antenna. This method was used to determine the characteristic impedance of finite biconical antenna [2] . This is analogues to finite or terminated transmission line. A TEM mode wave can exist along the biconical conductor, but in the space beyond the cones transmission can be only in higher order modes. Schelkunoff's has defined the sphere coinciding with the ends of the cones as a boundary sphere and the sphere radius is equal to radius of cone (r = L 1 ). Inside the sphere TEM wave can exist and also higher order modes may be presented, but outside only the higher order modes can exist. At the cones most of the outgoing TEM wave is reflected, but near the equator most of the energy escapes, Figure 4(a) . But a step of imagine from the impedance view point, the magnetic shell acting as a load impedance Z L connected across the open end of the cones. Neglecting the end caps of the cones, the finite biconical antenna can now be treated as a transmission line of characteristic impedance Z k terminated in the load impedance Z L , Figure 4(b) . If the load impedance Z L can be found, the impedance Z in1 at the input terminal of biconical antenna can be calculable.
where k Z is the characteristic impedance of finite biconical antenna and e θ is the half angle of the cone.
( ) ( ) 
and since
where 2π β λ = is the phase constant, and x is equal to 4 
m R is the radiation resistance at a current maximum of a very thin linear antenna, m X is the radiation reactance, 1 L is the length of one cone [2], Figure 5 . Schelkunoff's has extended his analysis for thin biconical antennas as outlined above, to thin antennas of other shapes by considering the characteristic impedance of the antenna. So, on the same manner based on biconical approximation method, substitute in Equation (11) and Equation (13) to get the input impedance of Bow-Tie antenna 
where c Z is the characteristic impedance for different methods quasi static, Equation (1), tapered transmission line, Equation (9) and biconical methods, Equation (10) .
A Bow-Tie antenna, Figure 6 was designed [14] . This antenna is fed with a characteristic impedance of value Z o = 300 Ω at f = 900 MHz. The corresponding parameters of this antenna are shown in Table 1 .
The general input impedance in Z , Figure 1 is given by was derived by substituting 2 w instead of 2 2 w in Equation (6) . 
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The aforementioned methods were used to calculate the Bow-Tie antenna input impedance, Figure 7 and Figure 8. These figures indicate that the aforementioned conventional analytical methods for obtaining the Bow-Tie input impedance gave accurate results as indicated in Table 2 . Also, proposed methodsare used to form alternative equation for solving the input impedance of Bow-Tie antenna presented in Section 2.4.
Proposed Methods for Bow-Tie Antenna Input Impedance Calculation
There are two proposed methods to obtain input impedance of Bow-Tie antenna, analytical and graphical. 
where Table 3 . cos sin 
cos sin
where Table 4 .
cos sin Table 5 .
cos sin 
The same procedure is performed to obtain an analytical equation for the imaginary part of input impedance 
Graphical Method
In this method both length and width are changed at the same time at resonance frequency of 900 MHz which is within the frequency band from 860 MHz to 960 MHz. The input impedance at resonance is calculated using IE3D software and then data is imported to matlab to plot charts as shown in Figure 9 and Figure 10 . Figure 9 indicates that bow-tie antenna matched with characteristic impedance 300 Ω, it's input impedance can be varied from 276 Ω to 336 Ω depending on antenna length and width variation at fixed resonance frequency 900 MHz. Same procedure is used for the input impedance calculation but at resonance of 2.45 GHz, which also indicates antenna impedance variation from 274 Ω to 432 Ω, Figure 10 . It can be noticed that resonant input impedance can be easily identified using both aforementioned figures just by knowing length and width.
Comparison between Input Impedance Calculated by Different Methods
In this section the real and imaginary parts of the input impedance of the Bow-Tie antenna are calculated using IE3D simulator, CST simulator, and the adopted analytical and graphical methods for the same geometric dimensions stated before, Figure 11 and Figure 12 . Referring to Figure 11 and Figure 12 , it can be noticed that the proposed analytical input impedance calculation gives good result, while the proposed graphical method gives more accurate result exactly similar to Zeland IE3D, Table 6 , because in this method we depend on Zeland software package in obtaining the graphical input impedance results. Also, only the frequency bandwidth from 700 MHz to 1000 MHz is considered that is why the Bow-Tie antenna real part input impedance is quite similar with that using graphical method except at the low frequency (0.5 -0.7GHz) and at the high frequency (over 1 GHz).
Conventional Bow-Tie Tag Antenna Design and Results
A Bow-Tie Tag antenna shown in Figure 13 is designed on FR4 substrate Figure 14 indicates that antenna impedance chart curve varies from 10 Ω to 32 Ω according to antenna dimensions which can cover the chip input impedance variation from 16.47 171.4 j − Ω at 860 MHz to 13.24 153.8 j − Ω at 960 MHz, respectively, Figure 15 . The real and imaginary parts of input impedance of the antenna are then computed using analytical method Equation (22) and Equation (32), Figure 16 . The structure is simulated using Zeland IE3D.
The Bow-Tie antenna reflection coefficient 11 S as shown in Figure 17 is −23.161 dB at 899 MHz. The antenna bandwidth extends from 889 MHz to 912 MHz for 11 10 dB S = − , which is considered as a narrow band as compared to the universal bandwidth. The simulated input impedance antenna Z using IE3D method as shown in Figure 16 is 17.22 163.44 j + Ω, which indicates that the tag antenna achieves a good conjugate matching with the chip at this frequency.
The bow-tie antenna input impedance as shown in Figure 16 is 17.31 163.62 j + Ω at 900 MHz. For more accurate perfectly matching to chip input impedance result and to minimize the feeding line length, we intended to use T-matched circuit. Referring to Figure 18 , the input impedance of a planar dipole of length l can be changed by introducing a centered short-circuited stub. The antenna source is connected to a second dipole of length a, placed at a close distance b from the first and larger one. The electric current distributes along the two main radiators depends on the size of their transverse sections. It can be proved, that the impedance at the source point is given by [15] :
where t Z is the input impedance of the short-circuit stub formed by the T-match conductors and part of the dipole. 
where o Z is the characteristic impedance of the two-conductor transmission line with spacing b, A Z is the dipole impedance taken at its center in the absence of the T-match connection, and , e e r r′ are the equivalent radii of the dipole and of the matching stub, supposed to be planar traces. Figure 18 . T-matched configuration for planar dipoles and equivalent circuit where the impedance step-up ratio (1 + α) is related to the conductors' cross-sections [15] .
where α is the current division factor between the two conductors. The geometrical parameters, a, b, and the trace's width, w', can be adjusted to match the complex chip impedance, Z chip . For simplicity, we define two new aspect ratio terms, a l as second dipole length to first dipole length and 2 b w as distance between first and second dipole to total strip width, respectively.
Modified Bow-Tie Antenna Design and Results:
The proposed modified shape Bow-Tie antenna is shown in Figure 19 , As stated in section 3 that bandwidth of conventional bow-tie antenna is so narrow to covers RFID band, we decided to insert slots on bow-tie antenna so as to increase it's bandwidth. Also, a T-matched circuit, [15] is used for matching enhancement purpose. The T-matched circuit is designed by applying Equation (33) 
T-Matched Circuit Parameters Effect on Antenna Bandwidth and Matching
The dimensions of the modified bow-tie antenna are given in Table 7 . The T-matched height y-parameter is varied starting from 6 mm to 8 mm, other dimension, Table 7 are kept at the same values, and the simulations were carried out, Figure 21(a) . It is quite clear at y = 7 mm the antenna can achieves acceptable matching and 
Slot Dimensions Effect on Antenna Bandwidth and Matching
By changing the value of slot width W slot from 0.6 mm to 0.8 mm, Figure 21(d) . It can be noticed that slot width is inversely proportional with antenna matching performance and bandwidth, as it decreases they increase, so good result achieved at W slot = 0.6mm. The results are compared with conventional one, It can be noticed from Figure 22 that due to the presence of the slot, a second resonant frequency of 995 MHz can be properly excited close to the fundamental mode. The ratio of the frequency of the two modes is made low enough to realize a wideband operation thus able to cover the entire UHF band [16] . The reading range of conventional and modified Bow-Tie tag antennas [17] with readers able to transmit at maximum power P EIRP = 4 watt for most of that bandwidth, P chip = −20 dBm [18] , Z chip and Z A is shown in Figure 23 .
The maximum directivity for modified Bow-Tie antenna increased to 3.3 dBi, as the electrical path has been increased. It can be indicated from Figure 19 that the existence of slots in the modified Bow-Tie antenna increases the bandwidth. For RFID applications, the antenna efficiency and antenna gain defined by IE3D may not be useful as stated in Table 8 because RFID devices behave more like constant voltage sources. For constant voltage sources, it is required to achieve conjugate matching for best efficiency [15] [19] . The current distribution for both conventional and modified bow-tie antennas are shown in Figure 24 . The arrows in Figure 24(a) and Figure 24(b) indicates the average current density path through the antennas where their lengths indicate the amplitude which is of same magnitude for both antenna sides but with 180˚ out of phase, as well known for the dipoles shapes.
The simulated coplanar and cross polarization radiation pattern of both conventional and modified bow-tie antennas are shown in Figure 25 and the E phi -field is the cross-polar component. These patterns show that the designed antenna provides linear polarization with a cross polarization level about −30.3 dBi lower than the co-polarization level −8.9 dBi for conventional bow-tie antenna and about −27.4 dBi lower than the co-polarization level −10.29 dBi for modified bow-tie antenna. Figure 26 shows the radiation pattern of both conventional and modified bow-tie antennas which is almost omnidirectional at the H-plane and figure of eight at the E-plane that is suitable for the RFID surveillance application [15] . The design procedure is given by the flow chart, Figure 27 , where the proposed graphical method is used to find the initial geometry of the Bow-Tie antenna. Analytical method is used to calculate the antenna input impedance. IE3D simulator is used to confirm the result. If the required antenna bandwidth and required antenna matching to chip impedance are achieved, the antenna design is finished else a modification is needed and the result again has to be confirmed with IE3D simulator.
Fabrication and Measurements
The proposed conventional and modified bow-tie antennas were fabricated on FR4 substrate ( 4 ) as shown in Figure 28 and Figure 29 . Input impedance of both conventional and modified proposed antennas were measured using the vector network analyzer (VNA HP8719ES) by measuring the half of the structure over ground plane and multiply the resultant input impedance by two, also 11 dB S were calculated for both antennas [15] as shown in Figure 30 and Figure 31 . As indicated, there is big difference between the simulated and the measured results. This difference is due to the air layer which was presented between ground plane and the half of the antenna structure. So, in the simulation a 1mm air gap was inserted between ground plane and the half of the antenna. Now, it can be noticed that the simulated results with air gap obtained agrees well with the measured one, Figure 30 and Figure 31.
Conclusion
A new proposed method for calculating the input impedance of Bow-Tie antenna had been demonstrated. It had been shown that high-accuracy calculation was obtained. Also design curves for input impedance values were developed depending on the geometry of antenna. The proposed design curves were used to design a Bow-Tie type RFID tag antenna. Good matching with the Monza 5 chip reactance is guaranteed for the conventional Bow-Tie antenna but with narrow operating frequency band, which is not suitable for the Europe and North America UHF RFID band range. A modified bow-tie antenna was designed so as to achieve a better conjugate matching to complex chip impedance and also to increase the bandwidth than conventional one. The antenna results demonstrate that it has maximum reading range which extends to 6 m.
